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Preface 


This  report  is  a  continuation  of  the  sequence  of  studies  by  Karam 
(Ref  11),  Wilda  (Ref  26),  and  Miller  (Ref  14)  on  blocked  and  cascaded 
pneumatic  transmission  lines.  The  primary  purpose  of  this  thesis  was 
the  desire  to  determine  the  transfer  gain  characteristics  for  rectangu¬ 
lar  pneumatic  lines  since  pneumatic  lines  that  are  rectangular  in  cross 
section  predominate  in  the  design  of  fluidic  devices.  When  this  study 
was  begun,  no  analyses  (such  as  are  available  for  circular  pneumatic 
transmission  lines),  either  theoretical  or  empirical,  were  available 
which  predicted  transfer  gain  for  rectangular  pneumatic  lines.  However, 
it  was  my  belief  that  rectangular  pneumatic  lines  should  exhibit  a 
transfer  gain  characteristic  similar  to  those  discussed  by  Karam,  Wilda, 
and  Miller. 

To  this  end,  then,  this  study  was  directed.  During  the  study  I 
was  fortunate  in  obtaining  a  paper  by  Schaedel  (Ref  20)  which  develops 
the  theoretical  distributed  impedance  and  admittance  parameters  for 
rectangular  pneumatic  transmission  lines  by  using  one  dimensional  flow 
analysis  and  is  based  on  earlier  work  by  Nichols  (Ref  17). 

Many  people  shared  in  providing  valuable  advice  and  assistance 
toward  the  realization  of  this  study.  It  is  here  that  I  wish  to  take 
the  opportunity  to  give  special  thanks  to  Dr.  Milton  Franke,  my  thesis 
advisor,  who  shai  d  in  this  research  by  offering  valuable  comments  and 
advice,  to  Mr.  Earl  Criswell  in  Zone  Shop  No.  5  who  turned  my  sketches 
into  a  workable,  precise  test  fixture,  and  to  Mr.  James  Hall  of  the  Air 
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Force  Flight  Dynamics  Laboratory  who  long  ago  suggested  to  me  that  this 
is  an  area  which  requires  experimental  data  and  study. 

Especially,  I  wish  to  thank  Mr.  John  Houtz,  also  of  the  Air  Force 
Flight  Dynamics  Laboratory,  for  translating  the  extremely  complicated, 
theoretical  transfer  gain  equation  into  a  workable  computer  program 
which  provided  the  outputs  required.  It  goes  without  saying  that  my 
technical  advisor,  Squadron  Leader  Ken  Hebborn,  RAF,  provided  me  with 
the  technical  background  and  encouragement  which  made  this  study  a 
reality. 

Finally,  I  wish  to  thank  my  wife,  for  her  patience,  deter¬ 

mination,  encouragement,  and  typing  ability.  Without  her  help  this 
study  could  not  have  been  possible. 


Charles  V.  Fada 
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Abstract 

The  transfer  gain  (amplitude  frequency  response  curve)  of  a  rectan¬ 
gular  volume-terminated  pneumatic  transmission  line  was  experimentally 
determined.  The  cross-sectional  dimensions  of  a  29. 454-in. -long  lire 
were  0.254  in.  by  0.126  in.,  and  the  cross-sectional  dimensions  of  the 
volume  termination  were  2.396  in.  by  1.205  in.  Several  lengths  of  the 
volume  termination  (7  in.  and  less)  were  studied  at  mean  line  pressures 
of  10,  25,  and  40  psig.  The  sinusoidal  driving  signal  was  varied 
between  10  and  1220  Hz. 

'/4 

An  IBM  7094  computer  program  was  designed  to  provide  solutions  for 
theoretical  transfer  gain  curves  of  the  volume-terminated  rectangular 
pneumatic  line.  The  transfer  gain  equation,  using  an  electrical- 
pneumatic  analogy,  was  formulated  using  distributed  impedance  and  admit¬ 
tance  parameter  equations  for  rectangular  pneumatic  lines  based  on  the 
work  of  Schaedel.  Correlation  with  experiment  showed  that  the  theory 
predicted  the  transfer  gain  usually  within  3  dB  and  resonant  frequencies 
within  two  per  cent,  as  long  as  line  measurements  were  accurate  to 
within  *  0.001  in. 
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DYNAMIC  CHARACTERISTICS  OF  CASCADED, 
BLOCKED,  RECTANGULAR  CROSS  SECTION  PNEUMATIC  LINES 


I.  Introduction 


Background  for  the  Rectangular  Line  Analogy 

In  recent  years  scientists  and  engineers  have  investigated  several 
methods  that  describe  the  small  signal  transfer  characteristics  or,  in 
other  words,  the  response  of  pneumatic  lines  which  have  no  mean  flow  to 
time-varying  pneumatic  signals.  Iberall  (Ref  10)  derived  the  transfer 
characteristics  for  circular  pneumatic  lines;  however,  the  rigorous 
solutions  are  extremely  complex.  The  circular  line  transfer  character¬ 
istic  solutions  derived  by  Iberall  have  formed  the  basis  for  simplified 
solutions  developed  by  Brown  (Ref  2),  Nichols  (Ref  17),  Rohman  and 
Grogan  (Ref  19),  and  more  recently  Bergh  and  Tijdeman  (Ref  l).  Watts 
(Ref  24)  developed  a  computer  program  which  computes  solutions  to  the 
equations  derived  by  Iberall,  and  Watts  verified  the  computer  program 
solutions  experimentally.  Notable  among  the  simplified  versions  of  the 
circular  line  transfer  characteristic  solutions  are  those  by  Brown  and 
Nichols.  The  equations  derived  by  them  have  been  used  as  models  for 
further  studies  by  other  investigators  in  pneumatic  transmission  line 
phenomena. 

Papers  have  been  published  which  agree  very  closely  with  the 
analytical  investigations  of  Nichols  and  others.  Such  papers  include 
those  by  Karam  (R»f  11 ),  Karam  and  Franke  (Ref  12),  Wilda  (Ref  26),  and 
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Miller  (Ref  14).  Miller  simplified  the  electrical  analog  model  developed 
by  Nichols  and  showed  that  the  electrical  analog  model  could  be  used  to 
calculate  the  overall  transfer  gain  of  cascaded  circular  pneumatic 

i 

transmission  lines  having  differing  impedance  transfer  characteristics. 

Krishnayer  and  Lechner  (Ref  13)  have  applied  curve  fitting  tech¬ 
niques  to  the  equations  developed  by  Nichols  and  have  determined  the 
approximate  first-order  error  in  Nichi  s'  development.  However,  the 
first-order  error  is  small  and  may  be  considered  negligible  for  most 

i 

engineering  purposes. 

Considerable  work  has  been  accomplished  in  the  derivations  of 
impedance  transfer  functions  in  the  very  high  frequency  range  for 
pneumatic  lines  having  rectangular  cross  sections.  Included  among 
these  works  are  discussions  and  investigations  by  Lord  Rayleigh  (Ref  22), 
Hartig  and  Lambert  (Ref  7),  Moore  (Ref  15),  Morse  and  Ingard  (Ref  16), 
and  Stephens  and  Bates  (Ref  21).  During  the  nineteenth  century,  Lord 
Rayleigh  developed  the  wave  equation  solutions  for  a  pressure  disturb¬ 
ance  propagating  through  a  rectangular  tube.  However,  Lord  Rayleigh's 
solutions  are  limited  in  the  respect  that  only  those  frequencies  above 
a  cut-off  frequency  in  the  disturbance  are  considered  to  propagate 
through  the  rectangular  duct.  All  frequencies  in  the  disturbance  below 
the  cut-off  frequency  are  assumed  to  decay  exponentially.  The  cut-off 
frequency  is  defined  as: 


where  c  is  the  speed  of  sound  in  free  air,  and  b  is  the  width  of  base  of 
the  rectangular  duct  (Fig.  l).  Therefore,  the  solutions  derived  by 
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Lord  Rayleigh  develop  the  very  high  frequency  transfer  impedance  char¬ 
acteristics  for  pneumatic  rectangular  lines. 


Fig.  1.  Rectangular  Line  Dimensions 

Schaedel  (Ref  20)  derived  the  low-frequency  impedance  and  admit¬ 
tance  transfer  characteristics  of  rectangular  pneumatic  lines  having 
no  mean  flow.  He  linearized  the  basic  three-dimensional  Navier-Stokec 
equations  by  assuming  time-varying,  very  low  level  pneumatic  signals. 

He  based  the  velocity  distribution  in  a  rectangular  duct  on  a  paper  by 
Ebert  and  Sparrow  (Ref  4).  The  equations  derived  by  Schaedel  are 
similar  to  the  transfer  characteristic  equations  derived  by  Nichols  for 
circular  pneumatic  transmission  lines. 

Objectives 

Integrated  fluidic  circuits  are  connected  by  ducts  having  rec¬ 
tangular  cross  sections.  To  adequately  describe  the  transfer  functions 
for  individual  fluidic  elements,  it  is  necessary  to  determine  the 
transfer  function  of  the  inter-connecting  ducts.  Schaedel  (Ref  20) 
has  derived  analytical  solutions  of  the  impedance  transfer  functions 
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for  rectangular  pneumatic  lines.  However,  these  solutions  have  not 
been  tested  experimentally.  Therefore,  the  following  objectives  were 
selected t 

(1)  To  program  the  transfer  gain  characteristics  of  cas¬ 
caded  rectangular  pneumatic  lines  using  the  dis¬ 
tributed  impedance  and  admittance  equations 
developed  by  Schaedel  as  a  model  for  the  computer 
program. 

(2)  To  construct  a  cascaded  rectangular  line  and  experi¬ 
mentally  determine  the  transfer  gain  characteristics 
of  the  cascaded  lines  terminated  in  a  blocked  line. 

(3)  To  compare  the  experimental  data  with  the  analytical 
parameters  determined  by  the  computer  program  solu¬ 
tions,  thus  verifying  the  pneumatic  transmission  line 
theory  developed  for  rectangular  lines. 
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II.  Theory  and  Approach 

Miller  (Ref  4)  treated  the  volume  terminated  line  as  a  system  of 
lines  comprising  a  series  of  lines  in  cascade  ending  with  the  volume 
termination.  Since  Miller's  approach  proved  valid  for  the  lines  he 
studied,  it  appeared  appropriate  to  base  the  theoretical  approach  in 
this  study  using  the  same  method  as  Miller.  For  the  purposes  of  this 
study,  the  volume  terminated  lines  were  treated  as  cascaded  lines 
having  distributed  impedance  and  admittance  parameters  with  the  volume 
termination  treated  as  a  blocked  line  in  the  series. 

Schaedel' s  Rectangular  Transmission  Line  Theory 

Schaedel  (Ref  20:35-41)  derived  the  rectangular  pneumatic  trans¬ 
mission  line  equations  using  the  electrical-pneumatic  analog  such  that 
voltage  is  analogous  to  pressure  and  current  is  analogous  to  volumetric 
flow.  The  derivations  parallel  the  circular  transmission  line  equations 
derived  by  Nichols  (Ref  17). 

According  to  Pai  (Ref  18:80),  no  closed  form  solutions  to  the 
Navier-Stokes  equations  are  known  to  exist  for  the  compressible  flow 
through  a  rectangular  duct.  However,  Schaedel  linearized  the  Navier- 
Stokes  axial  velocity  distribution  equation  using  a  series  solution  to 
the  velocity  distribution  equation  for  rectangular  ducts  developed  by 
Ebert  and  Sparrow  (Ref  4:2).  Thus  Schaedel  develops  the  distributed 
series  impedance  parameter  per  unit  length  of  rectangular  pneumatic 
line  by  integrating  the  velocity  distribution  function  over  the  area 
and  solving  for  the  pressure  crop  per  unit  length.  In  his  derivation, 


5 


GE/toE/68-3 


Schaedel  specifies  the  distributed  series  impedance  parameter  Z'  to  be 

S 

(Ref  20t38)i 

ZS~^~  s(wv)  1  (2) 

A  a 


where 


00 


S(uv)  = 


I  i-r;  -  zl1 

i=l  ajlaj  +  ja-) 


.  tanh{  k/  ,2+  Jafc} 

I  +  j*fi- 
a  v  i  J  tZ 


]  (3) 


°i  =  2  -  ~  -1-  * »  i  =  1,2,  3, 


(3a) 


Thus  contains  frequency  dependent  real  and  imaginary  terms,  i.e., 

Z£  =  Rg(u)  +  jL£  (u)  (4) 

■w 

Schaedel  used  a  similar  method  to  solve  the  energy  equation  so  thtft 
he  could  define  the  distributed  shunt  admittance  parameters  for  rec¬ 
tangular  lines.  The  shunt  admittance  is  specified  to  be  (Ref  20i4l): 

2au2eA(y-  l)3  (u-) 

Yl  =  _ 1 _  + 


V 


jueA 


(5) 


where 


00 


s<“r>  =  l 


i=l  .Sa?  +  jajH.) 
11 


tanh-fiV  o?  +  jaJ'L}- 
[l  .  la  i  u>tj  ] 

I,/  a.2  +  ja— 
a  i  u>p 


(6) 


li  =  21  "■■1  n  *  i  =  1>  2,  3,  .  .  .  (6a) 


Therefore,  YJ,  contains  frequency  dependent  real  and  imaginary  terms* 


Yg  =  Gg(u)  +  jCJ(u) 


(7) 
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where  x  is  the  distance  between  the  receiving  transducer  at  the  point 
at  which  the  line  is  blocked  and  any  other  point  on  the  line.  At  any 
point  in  the  line  the  input  impedance  is 

r  Z-cosh  rx+Z^sinhrx  n 

2,=^  I  3 ^ - —  I  (13) 

1  ZQcoshrx+ZLsinhrx  J 

For  a  line  terminated  in  a  load  the  transfer  gain  has  been  shown  to  be 
(Ref  14i74) 

G  =  coshTx  -  sinhTx  (14) 

V  *0 

Guillemin  (Ref  6i374)  and  D'Azzo  and  Houpis  (Ref  5il46)  show  that  the 
transfer  gain  for  a  series  of  lines  in  cascade  is  the  product  of  the 
individual  gains,  i.e., 

f 

Gq  =  Gj  •  G2  •  G3  .  .  .  (15) 

Therefore,  it  can  be  shown  that  the  gain  between  any  two  points  in  a 
cascaded  line  is  (Ref  14*75) 

G  =  ffi^Ki+l)  (Wcoshrjxi  _  ZI  (i  +  l)  (X^^sinh^xg  ^ 

1=1  ZIixi  ^i 

For  the  nth  line,  Eq  (14)  holds.  The  capability  to  calculate  the  trans¬ 
fer  gain  characteristic  for  a  pneumatic  line  is  perhaps  the  most  useful 
analytical  tool  for  an  engineer  to  use  because  the  transfer  gain  char¬ 
acteristic  is  the  equation  which  is  easiest  to  verify  experimentally, 
by  taking  pressure  measurements  at  various  points  in  the  line  where 
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GdB  =  20  lo910 

P(RMS) 

and  comparing  with  the  analytical  solution* 
where  G  -  |g| 

and  GdB  =  20  lo9i0lG 

ar.d  where  0  is  the  phase  shift  in  the  line. 
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III.  Experimental  Apparatus 


The  test  system  was  basically  similar  to  the  apparatus  used  by 
Karam  (Ref  11),  Wilda  (Ref  26),  and  Miller  (Ref  14).  The  apparatus 
consisted  of  an  electro-pneumatic  signal  generator,  sending  and 
receiving  dynamic  pressure-measuring  equipment,  monitoring  equipment, 
and  the  rectangular  transmission  line  under  test  (Fig.  2).  With  the 
exception  of  the  test  line,  the  equipment  is  commercially  available. 
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Fig.  2.  Schematic  Diagram  of  Experimental  Test  System 
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The  Pneumatic  Transmission  Line 

The  pneumatic  signal  generator  was  connected  to  rectangular  trans¬ 
mission  lines  in  cascade  by  a  sending  fixture  containina  a  bleed  orifice 
(Ref  26),  (Fig.  3).  A  short  length  of  0.170-in.  ID  Imperial  Eastman 
Poly-Flow  tubing  connected  the  sending  fixture  with  the  rectangular 
line  (Fig.  3).  The  transition  from  the  circular  line  to  the  rectangular 
was  made  at  the  entrance  to  the  rectangular  line.  The  entrance  tran¬ 
sition  was  located  about  l/2  in.  ahead  of  the  sending  dynamic  transducer 
port.  For  flowing  lines,  Eckert  and  Irvine  (Ref  5:27)  have  shown  that 
for  a  rectangular  pneumatic  line  having  a  0.17-in.  hydraulic  diameter 
and  a  rounded  entrance  transition,  the  pressure  drop  is  nearly  constant 
when  the  entrance  transition  length  is  greater  than  l/2  in.  The  sending 


A  -  Pneumatic  Driver 

B  -  Sending  Fixture 

C  -  Bleed  Orifice 

D  -  Static  Pressure 
Transducer  (IJ) 

E  -  Connecting  Line 

F  -  Transition  Region 

G  -  Dynamic  Pressure 

Transducer  (P  ) 
s 


•  Fig.  3.  Sending  Fixture  and  Pneumatic  Driver 


(P  )  and  receiving  (Pr)  dynamic  pressure  transducers  and  the  transducer 
ports  were  contained  in  the  test  fixture.  Provision  for  additional 
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Fig.  4.  Rectangular  Line  Test  Fixture 

l 

I 

ports  was  made  in  the  line  design,  but  they  were  not  used  in  this  study. 
(See  Fig.  4.)  The  dimensions  of  the  transmission  line  and  terminating 
volume  are  shown  in  Fig.  5,  p.  13.  The  volume  termination  was  designed 
so  that  the  volume  could  be  changed  by  filling  the  volume  with  a  liquid 
through  a  fill  port  located  in  the  bottom  of  the  termination  (Fig.  6). 
Mercury  was  used  in  the  series  of  experiments. 


Pneumatic  Signal  Source 

The  pneumatic  signal  source  consisted  of  an  electronic  signal 
generator,  high-power  amplifier,  an  electro-pneumatic  signal  generator 
and  the  sending  fixture  (Fig.  2).  The  electronic  signal  generator 
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Fig.  5.  Test  Fixture  Interior  Dimension 
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contained  in  one  of  the  wave  analyzers  developed  a  sinusoidal  voltage 
which  was  amplified  by  a  linear  amplifier  and  then  by  a  matched-gain, 


A  -  Pressure 

Transducer  (P  ) 

r 

B  -  Volume 

Termination 

C  -  Liquid  Level 

D  -  Base  Plate 

E  -  Liquid  Fill 
Tubing 


Fig.  6.  Volume  Termination 

push-pull  amplifier  in  the  pneumatic  signal  generator  which  in  turn 
drove  a  piezoelectric  flapper  valve  in  the  pneumatic  driver  head. 

Since  the  pneumatic  driver  functioned  only  when  a  gas  flowed  through 
the  flapper  valve,  it  was  necessary  to  provide  a  bleed  orifice  in  the 
sending  fixture.  With  a  sinusoidal  voltage  input  to  the  piezoelectric 
disc,  the  disc  oscillated  sinusoidally  between  the  orifices,  causing  a 
sinusoidal  change  (AC)  in  pressure  to  be  induced  on  the  static  line 
pressure  (DC).  The  sending  fixture  also  contained  the  static  pressure 
transducer  (P^),  which  measured  the  line  static  pressure.  The  elec¬ 
tronic  signal  was  generated  in  the  electronic  wave  analyzer  at  the  same 

frequency  being  measured  at  the  dynamic  pressure  sensing  port  (P  ) 

(Fig.  2). 
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Dimensional  Accuracy 

The  accuracy  of  the  dimensional  measurements  is  critical;  this  is 
also  discussed  by  Miller  (Ref  14»34).  The  test  fixture  base  and  height 
measurements  were  considered  accurate  to  within  0.001  in.  dfc  0.0005  in. 
The  fixture  termination  measurements  were  considered  accurate  to 
±  0.1  in.  (Fig.  5). 

The  Monitoring  Equipment 

The  sinusoidal  input  voltage  frequency  was  monitored  on  an  elec¬ 
tronic  counter.  The  signal  voltage  was  monitored  on  a  vacuum-tube- 
voltmeter.  The  output  of  the  static  pressure  transducer  (P^)  was 
monitored  on  a  differential  millivoltmeter.  The  outputs  of  the  dynamic 
pressure  transducers  (Pg  and  Pr)  were  amplified  in  charge  amplifiers 
and  sent  to  two  wave  analyzers.  The  wave  analyzers  were  used  to  deter¬ 
mine  the  fundamental  frequency  RMS  voltage  developed  by  the  charge 
amplifiers.  A  dual-beam  oscilloscope  was  used  to  provide  a  display  of 
the  outputs  of  Pt  and  Pr#  See  Fig.  2  for  the  test  equipment  schematic. 
The  display  was  recorded  on  film  at  selected  frequencies.  Another 
dual-beam  oscilloscope  was  used  as  linear .amplifiers  for  the  outputs 
of  the  charge  amplifiers.  The  outputs  of  both  Y-axis  amplifiers  were 
fed  to  the  input  of  the  second  dual-beam  oscilloscope,  thereby  per¬ 
mitting  the  display  and  recording  of  Pg  versus  Pr  simultaneously 
(Fig.  7).  A  mercury  thermometer  and  a  precision  mercury  barometer  were 
used  for  measuring  ambient  temperature  and  pressure.  See  Fig.  3  for 
monitoring  equipment  layout. 
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Fig.  7.  Typical  Dual-Beam 
Oscilloscope  Display  for  Pg  and 


Air  Supply 

The  air  used  in  these  tests  was  laboratory  shop  air,  which  was 
double-filtered  and  was  routed  through  a  settling  tank  before  entering 
the  pneumatic  driver  head. 
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Fig.  8.  Monitoring  Equipment  Layout 
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IV.  Experimental  Procedures 

The  objectives  outlined  in  Section  I  required  that  data  be 
obtained  experimentally  to  determine  the  frequency  response  of  cascaded 
rectangular  pneumatic  lines.  The  data  were  required  to  test  the  accuracy 
of  the  analytical  model  for  predicting  the  frequency  response  of  rec¬ 
tangular  lines. 

General 

Once  the  tests  were  begun,  power  was  left  on  all  test  equipment  to 
insure  stability  of  the  test  measurements.  Ambient  temperature  and 
pressure  readings  were  taken  during  each  test  run  and  were  monitored 
for  change  when  each  test  run  lasted  longer  than  an  hour.  The  experi¬ 
mental  procedures  used  in  this  investigation  were  similar  to  the  pro¬ 
cedures  used  by  Karam,  Wilda,  and  Miller  (Refs  11,  26,  14). 

The  Cascaded  Rectangular  Line  Tests 

The  data  for  the  cascaded  lines  were  acquired  by  measuring  the  RMS 
amplitude  of  the  dynamic  input  pressure  signal  (P  )  and  the  RMS  ampli- 
tude  of  the  output  pressure  signal  (Pr)  at  selected  locations  along  the 
transmission  line  (Fig.  4).  A  computer  program  was  used  to  reduce  the 
data  by  dividing  the  output  dynamic  pressure  by  the  input  dynamic 
pressure  and  then  by  calculating  the  gain  in  dB.  This  program  was  a 
subroutine  to  the  general  computer  program  for  this  investigation  as 
outlined  in  Appendix  A. 

The  frequencies  at  which  data  were  taken  were  arbitrarily  selected. 
For  some  tests  data  were  taken  every  10  Hz,  and  for  other  tests  data 
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were  taken  every  25  Hz  to  45  Hz.  However,  for  the  majority  of  tests 
data  were  taken  at  points  where  the  frequency  response  curves  exhibited 
high  gain  and  low  gain,  i.e.,  the  peaks  and  valleys  in  the  frequency 
response  curve.  The  data  were  taken  at  20,  25,  and  40  psig  and  the 
results  of  the  three  runs  were  plotted  with  the  associated  theoretical 
frequency  response  curve  as  calculated  using  the  rectangular  trans¬ 
mission  line  model.  A  series  of  tests  were  also  run  on  blocked  rec¬ 
tangular  transmission  lines  and  were  similar  to  blocked  line  inves¬ 
tigations  by  Karam  (Ref  11 ).  Discussion  of  the  correlation  of  data  is 
contained  in  Section  V. 

Equipment  Considerations 

As  observed  by  Karam  and  by  Miller  (Refs  11,  14),  second  harmonic 
distortion  was  observed,  particularly  during  the  blocked  line  tests. 

The  wave  analyzers  were  used  to  measure  the  outputs  of  the  charge  ampli¬ 
fiers  at  the  primary  frequency  being  generated.  The  wave  analyzers 
were  used  throughout  the  frequency  range  investigated  in  the  series  of 
tests. 

Signal  Size 

The  frequency  was  varied  in  this  study  from  10  to  1250  Hz.  The 
sending  fixture  was  the  same  as  used  by  Karam  (Ref  11:15).  However, 
since  there  was  some  pressure  drop  expected  in  the  connecting  line 
between  the  sending  fixture  and  the  test  fixture,  a  new  signal  size 
was  arbitrarily  chosen  to  be  10  volts  RMS  applied  into  the  pneumatic 
driver’s  push-pull;amplifier.  This  gave  dynamic  pressure  readings 
somewhat  higher  than  those  quoted  by  Miller  (Ref  14:35). 
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V.  Re suits  and  Discussion 

Detailed  results  of  the  experimental  results  may  be  found  in 
Appendices  B,  C,  and  D  which  contain  the  theoretical  frequency  response 
curves  and  the  experimentally  determined  data  points  for  each  curve. 

I 

The  Rectangular  Pneumatic  Transmission  Line  Model 

A  review  of  the  objectives  in  Section  I  shows  that  a  computer 
program  was  required  which  provided  solutions  to  Eqs  (2),  (5),  and  (14) 
end  analytical  data  which  predicted  the  frequency  response  of  volume 
terminated  and  blocked  rectangular  pneumatic  lines.  Another  objective 
was  to  experimentally  verify  the  gain  equation  [Eq  (14)]. 

The  rectangular  pneumatic  transmission  line  frequency  response 
computer  program  for  the  IBM  7094  is  described  in  detail  in  Appendix  A. 
The  program  provides  solutions  to  the  transmission  line  distributed 
parameters  at  selected  frequencies,  line  pressures,  line  lengths,  and 
line  terminations.  A  subroutine  to  the  computer  program  provides 
solutions  to  Eq  (14)  from  experimental  data.  The  analytical  data  and 
experimental  data  are  then  plotted  through  a  computer  subroutine  on 
graph  paper  for  direct  verification  of  the  theoretical  data  with  the 
test  data. 

Correlation  of  Rectangular  Transmission  Line  Model  with 
Data  Presented  by  Schaedel 

For  this  study,  it  was  considered  expedient  to  compute  the  dis¬ 
tributed  impedance  and  admittance  parameters,  Eqs  (2)  and  (5)  and  then 
compute  the  gain  equation,  Eq  (14).  However,  the  computer  program  was 
checked  for  correlation  with  data  presented  by  Schaedel  by  comparing 


20 


GE/ME/68-3 


the  computer  output  data  with  the  line  wave  length  attenuation  graph 
presented  in  the  paper  by  Schaedel  (Ref  20:51).  Since  the  design 
aspect  ratio  of  the  test  line  was  0.5  or  2  depending  upon  how  height 
and  base  measurements  are  selected,  the  computer  output  data  should 
provide  data  points  which  coincide  with  the  0.5  aspect  ratio  curve 
presented  by  Schaedel  (Ref  20:51). 

A  portion  of  the  Fig.  11  presented  by  Schaedel  (Ref  20:51)  is 
shown  in  Fig.  9  along  with  data  used  from  the  computer  print-out  of  the 
solutions  to  Eq  (ll).  The  data  was  taken  at  selected  gauge  pressures 
and  arbitrarily  chosen  frequencies.  Note  that  is  the  frequency 
ratio  described  by  Schaedel  (Ref  20:38).  The  attenuation  per  wave 
length  in  the  line  is: 


which  is  discussed  by  Schaedel  (Ref  20:43)  and  by  Nichols  (Ref  17:12). 
The  computer  data  used  from  solutions  to  Eq  (ll)  provide  line  attenua¬ 
tions  and  phase  shifts  per  unit  length  which  coincide  with  the  0.5 
and  also  the  2.0  aspect  ratio  curve  in  Fig.  9.  As  expected  the  computer 
program  model  provides  solutions  for  the  distributed  impedance  and 
admittance  parameters  and  also  computer  solutions  for  and  p^  which 
may  be  used  in  Eq  (20). 

£e  Rectangular  Transmission  Line  Model  and  the  Blocked  Line 

rigure  10  shows  a  sample  plot  for  a  blocked  rectangular  line. 

The  solid  line  represents  the  frequency  response  as  calculated  by  rec¬ 
tangular  pneumatic  transmission  line  computer  program,  and  the  x' ^ 
represent  the  frequency  response  as  calculated  from  experimental  data. 
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Computer  Data  Solutions  for  Attenuation  Per  Line  Wavelength  in  »1B 
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Fig.  10.  Correlation  of  Data  Obtained  in  this  Study  with  the  Rectangular  Pneumatic 
Line  Model  Program  for  X1  =  29.454  in.,  X2  =  0.592  in.,  bj  =  b2  =  0.254  in 
h,  -  h_  =  0.126  in.,  P.  =  25  psig 
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Although  the  plot  is  similar  to  the  blocked  line  plots  presented  by 
Miller  (Ref  14*39),  the  termination  does  have  an  effect  on  the  fre¬ 
quency  response.  During  the  experiment  it  was  discovered  that  it  was 
impossible  to  accomplish  an  actual  blocked  line  test  because  mercury 
was  forced  into  the  receiving  transducer  (Pr )  with  the  effect  that  all 
pressure  variations  at  the  receiving  transducer  (Pr)  were  damped  out 
and  thus  not  sensed  by  the  transducer. 

In  the  blocked  line  tests,  a  short  length  of  line  was  added  beyond 
the  receiving  transducer  (Pr)  to  assure  that  mercury  would  not  be 
forced  into  the  receiving  transducer  (Pr).  The  computer  program  was 
designed  to  treat  the  additional  length  of  a  line  as  a  volume  termina¬ 
tion  when  calculating  the  data  to  the  frequency  response  curves. 

A  large  deviation  was  found  experimentally  at  1010Hz  but  may  have 
been  attributed  in  part  to  second  harmonic  distortion. 

An  attempt  was  made  to  duplicate  the  experimental  test  at  1010  Hz, 
but  not  all  the  test  conditions  could  be  duplicated,  such  as  the  ambient 
temperature  and  pressure.  A  display  of  the  dual-beam  oscilloscope  was 
recorded  during  the  test  and  is  shown  in  Fig.  11.  Note  how  the  second 
harmonics  appear  to  cancel  the  fundamental  at  the  sending  transducer 
(P  )  and  partially  at  the  receiving  transducers  (P  ).  The  second  har- 
monic  was  measured  for  both  the  sending  (Pg)  and  receiving  (Pp)  trans¬ 
ducers.  Harmonics  were  noticed  to  occur  more  often  for  the  blocked 
line  tests  than  for  the  volume-terminated  tests.  Iberall  (Ref  10*92- 
93)  discusses  second  harmonic  distortion  caused  by  nonlinearities  of 
pneumatic  lines.  Excluding  the  harmonic  distortion  problem,  the  error 
in  gain  as  calculated  by  the  computer  is  about  2  dB  at  780  Hz,  800  Hz, 
1050  Hz,  and  1200  Hz.  The  maximum  frequency  error  is  about  +10  Hz  at 
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Fig.  11.  Harmonic  Distortion  Display  at  1010  Hz. 

Xj  =  29.454  in.,  X2  =  0.592  in.,  Xg  =  0, 

PT  =  25  psig,  P  at  1010  Hz  =  4.1  mV, 

L  S 

P  at  2020  Hz  =  2.45  mV,  P  at  1010  Hz  = 
s  r 

10.2  mV,  Pr  at  2020  Hz  =  2.5  mV 


1200  Hz.  These  errors  are  fairly  representative,  as  can  be  seen  in 
Appendix  B.  However,  some  scattering  of  data  is  noted,  particularly 
in  the  40  psig  plots. 

As  discussed  in  Section  II,  both  real  and  imaginary  parts  of  the 
distributed  impedance  and  admittance  are  frequency  dependent  [Eqs  (4) 
and  (7)].  Table  I  lists  some  of  the  characteristics  for  a  29.454  in. 
long  pneumatic  transmission  line  which  is  terminated  in  an  additional 
0.592  in.  length  of  the  same  line. 

By  comparing  the  shape  of  the  frequency  response  curve  (Fig.  9) 
with  the  line  parameters  (Table  I),  it  is  noted  that  for  the  anti¬ 
resonant  condition  of  the  line  at  10  Hz  the  line  capacitance  is  much 
smaller  than  at  resonance  which  is  1000  Hz.  Other  resonance  peaks 
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Table  I 

Rectangular  Pneumatic  Transmission  Line  Parameters  versus  Frequency 
bj  =  bg  =  0.254  in.,  =  0.126  in., 

=  25  psig,  Temp.  =  86°F 


Frequency 

Line  Parameters 

10  Hz 

1000  Hz 

R',  Eli 
s  cis 

(1.52)(10‘4) 

(8.33) ( 10“4) 

L* .  psi-sec 

8  cis 

( 6.88 ) ( 10”4) 

(5.91)(10"2) 

G',  cis 
s  psi 

(3.02) ( lO-3) 

(2.58)(10-2) 

pi  cis-sec 
s*  psi 

(3.97)(10-2) 

(3.66)(l0°) 

°1s,  DSR 
ls  in 

(7.77)(10“4) 

( 4.92) ( 10_3) 

Pis*  — 
ls  in 

(5.24)(10'3) 

(4.65)(10-1) 

C,  in_ 
sec 

(1.198)(104) 

(1.35)(104) 

C  ,  in. 
a  sec 

(1.377)(104) 

(1.377)(104) 

occur  at  110  Hz,  335  Hz,  560  Hz,  and  785  Hz.  As  expected  the  attenua¬ 
tion  per  unit  length  increases  for  increasing  frequency  as  does  the 
phase  velocity.  The  phase  velocity  increases  from  0.872  c  at  10  Hz  to 

Q 

0.98  c  at  1000  Hz.  The  gain  peaks  decrease  with  increasing  frequency 

a 

also  attesting  to  the  fact  that  the  attenuation  is  increasing  with 
increasing  frequency.  Therefore,  a  blocked  pneumatic  transmission  line 
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has  a  frequency  response  curve  which  is  similar  to  an  open  circuit 
electrical  transmission  line.  This  phenomena  is  known  as  the  "Ferranti 
effect"  (Ref  23 » 100). 

The  Rectangular  Pneumatic  Transmission  Line  Model  and  the 
Volume-Terminated  Line 

As  discussed  in  Section  II,  the  rectangular  transmission  line  ter¬ 
minated  in  a  volume  was  treated  as  a  group  of  cascaded  lines  terminated 
in  a  blocked  rectangular  line.  The  cascaded  lines  were  treated  as  a 
series  of  three  lines.  Line  one  was  the  line  under  test  between  the 
sending  dynamic  pressure  transducer  (P  )  and  the  receiving  dynamic 
pressure  transducer  (Pr).  Line  two  was  the  short  piece  of  line  between 
the  receiving  dynamic  pressure  transducer  (Pr)  and  transition  point  of 
the  transmission  line  under  test  with  the  volume -termination.  Line 
three  was  the  rectangular  volume-terminated  line  (Figs.  4  and  5). 

Thus,  the  load  impedance  of  line  two  is  the  input  impedance  of  line 
three  and  the  load  impedance  of  line  one  is  the  input  impedance  of 
line  two  when  terminated  in  line  three.  Using  Eqs  (13)  and  (14) 
iteratively  solves  for  the  gain  of  line  one.  Since  the  equations 
defining  Z'  and  Y*  are  extremely  complicated  formulae,  it  can  be  seen 
that  it  is  practically  a  necessity  to  use  a  computer  program  to  provide 
solutions  to  the  gain  equation,  Eq.  (14).  Since  dynamic  pressure  in 
the  line  is  analogous  to  voltage  (AC),  then  pressure  at  any  point  in 
the  line  is  directly  proportional  to  the  input  impedance  at  that  point. 

Figures  12,  13,  and  14  are  typical  frequency  response  curves  for 
volume-terminated  lines.  The  response  curves  show  that  the  cascaded 
lines  interact  as  expected.  Typically,  for  the  7.394  in  termination 
(Fig.  12)  at  15  Hz  the  input  impedance  at  the  dynamic  sending  transducer 


27 


GE/foE/68-3 


•  ••Ml  IMMMIH  •  ■•••  f  •  •••  IMMiaa 

••••••  ■•••IMIil  IMMMtM  •••••  •••••  <•••••(••. 

. «••••••■•»  * . Mil  «■•••'••••  MMMiMi 

■  |M(MM(|  !••••••••* 

!•••••• •«••• •■••«•••••••••* •••••  titai  •«•«* ••••• 

. . . 

•  Mill  •••••••Ml  IMMMMMMMIVMI  »•••••* 

•  ••••I  «•■•••••••  liiMIfiM  •••••  IM*  •• 

IS252SS  iSS3i83{«»  «S«2*SSS5S I2»«S  S8B5SZSS2S 


28 


Fig.  12.  Correlation  of  Data  Obtained  in  this  Study  with  the  Rectangular  Line  Model 
for  Xl  =  29.454  in.,  *2  =  0.592  in.,  X3  =  7.394  in.,  ^1~h2=  O*254  in*» 
b_  =  2.396  in.,  h,  =  h  =  0.126  in.,  h~  =  1.205  in.,  P.  =  40  psig 
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Fig.  13.  Correlation  of  Data  Obtained  in  This  Study  with  the  Rectangular  Line  Model 
for  X:  =  29.454  in.,  X2  =  0.592  in.,  Xg  =  3.0  in.,  bj  =  b2  =  0.254  in., 
b„  =  2.396  in.,  h.  =  h„  =  0.126  in.,  h«  =  1.205  in.,  P.  =  40  psig 
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(P  )  is  (6.20)(10  3)  -  j ( 3.71 ) ( 10  2)  and  the  input  impedance  at  the 

dynamic  receiving  transducer  (Pr)  is  (2.32)(l0  4)  -  j(3.62)(l0  2), 

resulting  in  a  positive  gain  at  15  Hz.  However,  at  105  Hz  the  input 

impedance  to  transducer  (P  )  is  (8.94)(10~*)  -  j(5.1l)(l0  3)  and  the 

s 

input  impedance  to  transducer  (P  )  is  (2.46)(10~2)  +  j(l.88)(l0~4), 
resulting  in  a  large  negative  gain  at  105  Hz.  A  similar  effect  is 
noted  between  915  Hz  and  920  Hz.  At  915  Hz  the  input  impedance  at 
transducer  (Pg)  is  ( 2. 31 ) ( 10  )  -  j(8.4)(i0  *)  and  the  input  impedance 

at  transducer  (Pr)  is  (5.34)(10'3)  -  j(3.39)(l0-2),  resulting  in  a 
slight  positive  gain.  At  920  Hz  the  input  impedance  at  transducer 
(P  )  is  (2.06)(10  2)  -  j(4.8)(l0-2)  and  the  input  impedance  at  trans- 
ducer  (P^)  is  (2.28)(10  3)  -  j(1.83)(l0~3),  resulting  in  a  negative 
gain.  These  effects  noted  are  the  result  of  the  line  changing  from  a 
capacitive  input  line  at  resonance  (15  Hz)  to  a  resistive  line  at 
antiresonance  (105  Hz).  Similar  effects  for  varying  volume  terminations 
were  noted  by  Miller  (Ref  14i43-45)  and  by  Wilda  (Ref  26:19-22). 

Analysis  of  Results 

The  experimental  data  agree  quite  closely  with  the  analytically 
computed  data  for  both  blocked  and  volume-terminated  rectangular 
pneumatic  transmission  lines.  However,  scattering  of  data  was  observed 
as  ncted  earlier.  With  reference  to  Fig.  12,  it  was  known  that  the 
measurement  of  the  termination  point  must  be  very  accurate.  To  check 
the  possibility  that  the  measurement  may  have  been  incorrect,  the 
termination  data  for  Fig.  10  was  varied  plus  and  minus  0.1  in.  The 
frequency  response  curves  in  Appendix  D  depict  the  results  of  this 
variation  in  parameters  study.  It  was  found  that  a  volume  termination 
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of  7.3  in. more  accurately  describes  this  particular  line  study  than  does 
the  nominal  7,394  in.  termination  which  was  assumed  to  be  accurate. 

As  discussed  earlier,  data  scattering  may  also  have  been  attributed 
in  part  to  second  harmonics}  however,  this  experimental  problem  could 
not  be  predicted  in  advance  of  each  frequency  tested.  The  pneumatic 
driver  was  known  to  develop  strong  harmonics  at  about  400  Hz  and  800  Hz 
plus  or  minus  50  Hz  (Refs  11,  14,  and  26).  A  third  source  of  data 
scattering  was  believed  to  be  caused  by  some  erratic  readings  of  the 
wave  analyzers  at  temperatures  above  80°F.  Most  of  the  short  volume- 
terminated  line  experiments  and  all  the  blocked-line  experiments  took 
place  in  ambient  temperatures  above  80°F  and  relative  humidities  in 
excess  of  60%. 

Although  time  did  not  permit  additional  blocked  line  tests,  the 
results  for  both  the  blocked-line  tests  and  the  volume-terminated  tests 
strongly  verify  the  theory  as  developed  by  Schaedel  and  which  is  used 
as  the  model  for  the  computer  program. 
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VI.  Conclusions 


1.  The  rectangular  pneumatic  transmission  line  theoretical  model 
predicts  the  small  signal  frequency  response  of  non-flowing  rectangular 
transmission  lines  usually  within  3  dB  over  the  range  of  10  Hz  to 

1220  Hz.  In  some  cases  the  model  was  considered  accurate  to  within 
1  dB.  The  computer  model  was  also  shown  to  accurately  predict  the 
following  small-signal  parameters  for  rectangular  pneumatic  linest 

a.  Input  Impedance 

b.  Characteristic  impedance 

c.  Attenuation  constant 

d.  Phase  constant 

e.  Free  speed  of  sound,  ca 

f.  Propagation  velocity,  c 

g.  Resonant  frequencies 

2.  The  theoretical  model  was  not  designed  to  predict  effects  of 
the  second  harmonics,  which  were  particularly  troublesome  during  the 
blocked  line  tests. 

3.  The  accurate  measurement  of  the  line  termination  lengths  and 
also  the  accurate  measurement  of  the  test  lines  are  critical  factors 
in  obtaining  good  agreement  between  the  theoretical  model  and  the 
experimental  data. 
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VII.  Recommendations 

1.  The  rectangular  pneumatic  transmission  line  computer  program 
was  designed  to  solve  Eqs  (2)  and  (5)  by  iterative  te<._.niques  and 
further  analysis  should  be  directed  towards 

a.  simplification  of  Eqs  (2)  and  (5)  such  that  a  commuter 
program  is  not  a  mandatory  requirement  to  solve  the 
transfer  gain  equation  [Eq  (15)] 

b.  extension  of  the  computer  model  study  to  frequencies 
above  1250  Hz  up  to  possibly  30,000  Hz. 

2.  This  study  considered  rectangular  lines  in  cascade;  howev*.‘, 
further  investigations  should  consider  rectangular  line  tuning  devices 
such  as  those  tested  by  Miller  (Ref  14s32)  for  circular  pneumatic 
lines.  Since  most  fluidic  devices  use  interconnecting  channels  which 
are  rectangular  in  cross  section,  such  a  study  will  assist  the  designer 
in  properly  constructing  tuned  interconnecting  pneumatic  lines. 

3.  A  study  should  be  performed  whiph  determines  the  capability  of 
the  rectangular  pneumatic  line  parameters  for  lines  very  small  in  crccc 
section,  in  the  ranges  of  0.001  in.  by  0.003  in.  to  0.005  in.  by  0.01  in. 

4.  An  investigation  should  be  performed  on  flowing  rectangular 
pneumatic  transmission  lines  since  most  fluidic  devices  require  flowing 
gases  for  the  transfer  of  information,  and  the  study  should  include  the 
effects  of  turbulent  flow.  The  theoretical  analysis  should  also  be 
expanded  to  include  the  effects  of  flow  through  the  rectangular  line. 
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Appendix  A 

Development  of  a  Rectangular 
Pneumatic  Transmission  Line  Model  Computer  Program 

This  appendix  contains  the  discussion  on  the  rectangular  pneumatic 
transmission  line  model  computer  program.  The  computer  program  as 
written  by  Houtz  (Ref  9)  solves  through  iteration  techniques  the  dis¬ 
tributed  impedance  and  admittance  equations  [  Eqs  (2)  and  (5)].  To  con¬ 
serve  computer  time,  an  approximation  for  the  complex  hyperbolic  tangent 
function  was  used.  It  can  be  shown  that  (Ref  25»1048) 

tanh(x  +  jy)  =  tanhx  +  j  tany  (A-l) 

1  +  j tanhx  tany 

The  computer  subroutine  for  the  hyperbolic  tangent  was  modified  such 
that  for  values  of  x  greater  than  3,  tanhx  =  1.0.  In  order  to  maintain 
finite  computations,  the  computer  subroutine  was  directed  to  ignore 
values  of  y  whenever 


Y  -  -  ix,l  =  (1,2,3,  .  .  .)  ( A-2) 

2 

If  y  equaled  odd  multiples  of  n,  then  the  program  was  directed  to  pro¬ 
ceed  to  the  next  frequency  for  calculation.  This  did  not  occur  for  the 
frequencies  selected  in  the  cases  investigated  for  this  study. 

Once  the  complex  impedance  and  admittance  parameters  are  solved  per 
unit  length,  the  computer  program  provides  solutions  to  the  propagation 
constant  [Eq  ( 1 1 ) J.  With  the  propagation  constant  solved,  the  computer 
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program  then  proceeds  to  provide  solutions  to  the  input  impedance  at 
each  line,  the  load  impedance  at  each  line,  and  finally  the  transfer 
gain  equation  for  the  transmission  line  undergoing  test  [Eq  (14)]. 

Although  the  computer  program  provides  solutions  to  Eq  (14),  it  can 
be  modified  to  provide  solutions  to  the  general  gain  equation,  Eq  (16). 

The  program  is  on  the  remaining  pages  of  this  appendix,  and  the 
format  for  the  data  is  on  the  last  page.  The  format  for  the  data  is  as 
followst 

Card  It  Case-number  card 

Card  2i  Minimum  gain  in  dB  to  be  plotted  by  the  Calcomp  plotter; 
gain  in  dB  per  inch  on  the  graph 

Card  3i  Length  of  transmission  line  in  inches  between  the  dynamic 
sending  transducer  (Pg)  and  the  line  transition  point  (Xj  +  X2)$  length 
of  the  volume  termination  in  inches  (X3);  length  of  transmission  line  in 
inches  between  the  dynamic  receiving  transducer  (Pf)  and  the  line  tran¬ 
sition  point  (X2) 

Card  4»  Base  of  the  transmission  line  in  inches;  base  of  the  ter¬ 
minating  volume  in  inches 

Card  5i  Height  of  the  transmission  line  in  inches;  height  of  the 
terminating  volume  in  inches. 

Card  6t  Line  pressure  in  psig 

Card  7 1  Ambient  temperature  in  °F;  ambient  pressure  in  inches  of 
mercury;  viscosity  in  psi-sec;  the  gas  constant,  in  /sec  -  °R;  the 
specific  heat  ratio  of  air;  the  dimensionless  Prandtl  number 

Card  8i  Number  of  data  points;  subroutine  call  identifier  for  the 
legend  to  be  plotted  by  the  Calcomp  plotter 
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. 

Card  9  *  A  maximum  of  44  character  word  printed  at  the  base  of  the 
graph  by  the  Calcomp  plotter 

Card  10  and  oni  Experimental  data— frequency  at  which  data  was 

taken;  P  in  millivolts  RMS;  P  in  millivolts  RMS. 
r  3 

The  ratio  of  specific  heats  for  air  as  used  in  this  study  was  for  air  at 
40  psig,  80°F,  y  =  1.4065;  at  25  psig,  80°F,  y  =  1.4047;  and  at  10  psig, 
80°F,  y  =  1.4029  (Ref  8 1 59 ) . 

Information  printed  out  for  each  increment  of  frequency  is  fre¬ 
quency  in  Hr,  R^,  I/,  C^,  G^,  a^,  p  ,  uv,  u^,  transmission  line  and  the 
terminating  volume.  The  transfer  gain  for  the  line  undergoing  test 
and  the  input  impedance  Z^,  and  characteristic  impedance  ZQ  for  each 
line  are  also  printed  out.  The  adiabatic  speed  of  sound  c  is  printed 
out  for  the  specific  case  under  study. 
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Fig.  A-l.  Computer  Program  for 
The  Rectangular  Transmission  Line  Model 
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Fig.  A-l.  Computer  Program  for 
The  Rectangular  Transmission  Line  Model 
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CALL  ANGL(TEMP»A*B) 
TEMP**  5*TEMP 
Y=A*A+B*e 
X=SQRT ( Y ) 


=SQRT ( X ) 
=X*SIN ( TEMP ) 
=X*COS ( TEMP ) 
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The  Rectangular  Transmission  Line  Model 
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The  Rectangular  Transmission  Line  Model 
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Fig.  A-l.  Computer  Program  for 
The  Rectangular  Transmission  Line  Model 
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Appendix  B 

Plots  of  Experimentally  Obtained  Frequency  Re sponse  Points  for 
Blocked  Rectangular  Pneumatic  Lines  Correlated  with 
The  Frequency  Response  Curves  as  Solved  by  the 
Rectangular  Pneumatic  Transmission  Model  Computer  Program 

This  appendix  contains  the  experimental  data  taken  from  a  series  of 
tests  for  blocked  rectangular  pneumatic  lines.  The  data  include  the 
frequency  response  curve  for  each  case  as  solved  by  the  rectangular 
pneumatic  transmission  line  model  computer  program.  The  x's  are  the 
experimentally  determined  data  points,  and  the  smooth  curve  is  the  com¬ 
puter  solutions  to  the  transfer  gain  equations. 

The  distance  between  the  dynamic  sending  transducer  (P  )  and  the 
dynamic  receiving  transducer  (P^)  is  X1  in  inches.  The  distance  from 
the  receiving  dynamic  transducer  (Pr)  to  the  blocked  point  of  the  trans¬ 
mission  line  is  X in  inches.  The  base  is  b  in  inches  with  the  sub¬ 
script  identifying  the  line.  The  height  is  h  in  inches  with  the 
subscript  identifying  the  line. 
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Fig.  B-l.  Correlation  of  Data  Obtained  in  this  Study  with  the  Rectangu¬ 
lar  Pneumatic  Line  Model  for  =  29. 454. in.,  =  0.592  in., 
b,  =  b_  =  0.254  in.,  h.  =  h_  =  0.126  in.,  P.  =  40  psig 
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Fig.  8-3.  Correlation  of  Data  Obtained  in  this  Study  with  the  Rectangu¬ 
lar  Pneumatic  Line  Model  for  =  29.454  in.,  Xj  =  0.592  in., 
b  =  b  =  0.254  in.,  h.  =  h0  =  0.126  in.,  P.  =  10  psig 
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Fig.  B-4.  Correlation  of  Data  Obtained  in  This  Study  with  the  Rectangu' 
lar  Pneumatic  Line  Model  for  =  15.0  in.,  -  14.454  in., 
b  =  b  =  0.254  in.,  h.  =  h  =  0.126  in.,  P.  =  40  psig 
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Fig.  B-5.  Correlation  of  Data  Obtained  in  this  Study  with  the  Rectangu¬ 
lar  Pneumatic  Line  Model  for  =  15.0  in.,  %2  =  14.454  in., 

bl  =  b2  =  0*254  in.,  h  =  h  =  0.126  in.,  P  =  25  psig 
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Appendix  C 

Plots  of  Experimentally  Obtained  Frequency  Response  Points  for 
Volume-Terminated  Rectangular  Pneumatic  Lines 
Correlated  with  The  Frequency  Response  Curve s  as  Solved  by 
The  Rectangular  Pneumatic  Transmission  Line  Model  Computer  Program 

This  appendix  contains  the  experimental  data  taken  from  a  series 
of  tests  for  volume- terminated  rectangular  pneumatic  transmission  lines. 
The  data  include  the  frequency  response  curve  for  each  case  as  solved 
by  the  rectangular  pneumatic  transmission  line  model  computer  program. 
The  x's  are  the  experimentally  determined  data  points,  and  the  smooth 
curve  is  the  computer  solution  to  the  transfer  gain  equation. 

The  dictance  between  the  dynamic  sending  transducer  (Pg)  and  the 
dynamic  receiving  transducer  (P^ )  is  in  inches.  The  distance  from 
the  dynamic  receiving  transducer  (P  )  to  the  point  at  which  the  trans¬ 
mission  line  transitions  to  the  volume-terminated  line  is  X2  in  inches. 
The  length  of  the  volume-terminated  line  is  X3  in  inches.  The  base  is 
b  in  inches  with  the  subscript  identifying  the  line.  The  height  is  h 
in  inches  with  the  subscript  identifying  the  line. 

As  discussed  in  Section  V,  the  measurement  of  the  termination 
length  was  considered  to  be  in  error  by  as  much  as  ±  0.1  inch.  The 
effects  of  measuring  the  volume  termination  length  in  error  by  ±  0.1  in. 
are  shown  in  Appendix  D. 
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2.396  in.,  h.  =  h  =  0.126  in.,  h,  =  1.205  in.,  P.  =  40  psig 
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2.396  in.,  h.  =  h„  =  0.126  in.,  h_  =  1.205  in.,  P.  =  10  psig 
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Fig.  C-4.  Correlation  of  Data  Obtained  in  This  Study  with  the  Rectangular  Line  Model 
for  Xj  =  29.454  in.,  X2  =  0.592  in.,  X3  =  1.0  in.,  =  b2  =  0.254  in., 
b„  =  2.396  in.,  h1  =  h_  =  0.126  in.,  h_  =  1.205  in.,  P.  =  40  psig 


GE/ME/68-3 


ll  ll 

m  ro 


ID 

IX 

x: 

in 

#1 

•V 

■H 

• 

• 

c 

c 

C 

- 

•H 

•H 

c 

CM 

vO 

O' 

CM 

If) 

r-H 

U 

• 

• 

a) 

o 

o 

GE/VlE/68-3 


t 


67 


Fig.  C-6.  Correlation  of  Data  Obtained  in  This  Study  with  the  Rectangular  Line  Model 
for  Xx  =  29.454  in.,  *2  =  0.592  in.,  X3  =  1.0  in.,  hx  =  h2=  0,254  in*’ 

b_  =  2.396  in.,  h.  =  h_  =  0.126  in.,  h„  =  1.205  in.,  PT  =  10  psig 
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Fig.  C-7.  Correlation  of  Data  Obtained  in  This  Study  with  the  Rectangular  Line  Model 
for  X1  =  29.454  in.,  X2  =  0.592  in.,  X3  =  2.0  in.,  bj  =  b  =  0.254  in., 
b  =  2.396  in.,  h  =  h  =  0.126  in.,  h  -  1.205  in.,  P  =  40  psig 
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Fig.  C-8.  Correlation  of  Data  Obtained  in  This  Study  with  the  Rectangular  Line  Model 
for  X1  =  29.454  in.,  X2  =  0.592  in.,  X3  -  2.0  in.,  bJ  =  b2  =  0.254  in., 
b  =  2.396  in.,  h  =  h  =  0.126  in.,  h-  =  1.205  in.,  P  =  25  psig 


2.396  in.,  h,  =  h0  =  0.126  in.,  h„  =  1.205  in.,  PT  =  10  psig 


in 

CM 

O' 

« 

ID 

f— 1 

n 

• 

• 

01 

O 

o 

c 

II 

II 

•H 

ra 

•P 

CM 

CM 

XI 

IX 

x: 

o 

li 

<0 

• 

-p 

c 

m 

•H 

x: 

Q 

*p 

lO 

• 

o 

c 

• 

•H 

c 

o 

gi 

MD 

O' 

■p 

II 

CO 

(0 

• 

H 

H 

CM 

Q) 

IX 

(h 

II 

P 

p 

O 

o 

CO 

O 

Mi 

XI 

• 

o 

rH 

o 

• 

o> 

•H 

lx 

GE/foE/68-3 


H  H  IN 

<D  IX 

a  *  " 

o  o  n 
O  «n  JQ 


72 


GE/ME/68-3 


73 


Fig.  C-12.  Correlation  of  Data  Obtained  in  This  Study  with  the  Rectangular  Line  Model 
for  X1  =  29.454  in.,  *2  =  0.592  in.,  *3  =  3.0  in.,  ^  =  b2  =  0.254  in., 

b3  =  2.396  in.,  h  =  h  =  0.126  in.,  h.  =  1.205  in.,  P.  =  10  psig 
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Fig.  C-14.  Correlation  of  Data  Obtained  in  This  Study  with  the  Rectangular  Line  Model 
for  X  =  29.454  in.  X2  =  0.592  in.,  *3  =  4.0  in.,  ^  =  b2  =  0.254  in., 

b„  =  2.396  in.,  h  =  h_  =  0.126  in.,  h0  =  1.205  in.,  P.  =  25  psig 
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Fig.  C-15.  Correlation  of  Data  Obtained  in  this  Study  with  the  Rectangular  Line  Model 
for  X1  =  29.454  in.,  X2  =  0.592  in.,  X3  =  4.0  in.,  b,  =  b2  =  0.254  in., 
b„  =  2.396  in.,  h..  =  h_  =  0.126  in.,  h,,  =  1.205  in.,  PT  =10  psig 
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Fig.  C-18.  Correlation  of  Data  Obtained  in  this  Study  with  the  Rectangular  Line  Model 
for  X1  =  29.454  in.,  X2  =  0.592  in.,  X3  =  5.0  in.,  b1  =  b2  =  0.254  in., 
b  =  2.396  in.,  h.  =  h2  =  0.126  in.,  h3  =  1.205  in.,  P  =  10  psig 
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Correlation  of  Data  Obtained  in  this  Study  with  the  Rectangular  Line  1 
for  X  =  29.454  in.,  X2  =  0.592  in.,  X3  =  6.0  in.,  ^  =  b2  =  C.254  in 
h  =  2.396  in.,  h.  =  h_  =  0.126  in.,  h_  =  1.205  in.,  P.  =  25  psig 
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Fig.  C-22.  Correlation  of  Data  Obtained  in  this  Study  with  the  Rectangular  Line  Model 
for  X  =  29.454  in.,  X2  =  0.592  in.,  X3  =  7.394  in.,  ^  =  b  =  0.254  in., 

b  =  2.396  in.,  h.,  =  h0  =  0.126  in.,  h»  =  1.205  in.,  P.  =  40  psig 
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Fig.  C-24.  Correlation  of  Data  Obtained  in  this  Study  with  the  Rectangular  Line  Model 
for  X:  =  29.454  in.,  X2  =  0.592  in.,  X3  =  7.394  in.,  ^  =  b2  =  0.254  in., 
b0  =  2.396  in.,  h.  =  h0  =  0.126  in.,  h«  =  1.205  in.,  P.  =  10  psig 
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Appendix  D 

Plots  of  Experimentally  Obtained  Frequency  Re sponse  Points 
for  Volume-Terminated  Rectangular  Pneumatic  Lines 
Correlated  with  the  Frequency  Response  Curves 
as  Solved  by  the  Rectangular  Pneumatic  Transmission  Line  Model 
Computer  Program  which  Includes  the 
Volume-Terminated  Length  as  a  Variation  in  Parameter 

This  appendix  contains  the  experimental  data  taken  from  the  same 
test  depicted  in  Figs.  10  and  C-22.  The  test  is  for  a  volume-termin-ated 
rectangular  pneumatic  transmission  line  at  40  psig  with  a  termination 
length  considered  to  be  7.394  in. 

The  variation  in  the  termination  length  is  the  variation  in 
parameter  while  holding  all  other  data,  including  experimental  data, 
constant.  The  data  include  the  frequency  response  curve  for  each  case 
as  solved  by  the  rectangular  pneumatic  transmission  line  model  computer 
program. 

As  discussed  in  Section  III,  the  transfer  gain  equation  is  sen¬ 
sitive  to  accurate  length  measurements  of  the  pneumatic  lines.  It  was 
believed  that  the  accuracy  in  determining  the  fluid  level  in  the  volume 
termination  of  the  test  fixture  described  in  Section  III  could  not  be 
measured  with  any  better  accuracy  than  ±0.1  inch.  Therefore,  the 
termination  length  of  7.394  inches  as  marked  on  the  termination  volume 
test  fixture  at  a  test  pressure  of  40  psig  was  chosen  as  a  representa¬ 
tive  case  to  demonstrate  the  sensitivity  of  the  transfer  gain  equation 
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to  line  length  inaccuracies.  The  termination  length  of  7.394  in.  was 
marked  on  the  test  fixture,  and  an  attempt  was  made  during  the  test  to 
place  the  mercury  level  as  near  the  mark  as  possible.  Also,  it  was 

desired  to  search  for  the  most  accurate  length  which  seemed  to  provide 
the  best  curve  fit. 

The  termination  length  of  7.3-4  in.  was  varied  ±  0.1  in.  from  the 

nominal  value.  It  was  found  that  a  termination  length  of  7.3  in. 

describes  best  the  experimental  data  as  computed  by  the  computer  program 
(See  Fig.  D-l). 
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Fig.  D-l.  Data  is  the  Same  as  Fig.  C-22  Except  that  X3  =  7.3  in. 
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